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Structure determination of two-dimensional adenine crystals on graphite
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Two-dimensional molecular-packing structure and monolayer preparation of adenine adsorbates on the
graphite(000)) surface have been studied using scanning tunneling microscopy, low-energy electron diffrac-
tion, and thermal-desorption spectroscopy. By combining real-space images and diffraction data a close-packed
hydrogen-bonded network of adenine dimers is proposed, containing two dimers in a unit cell with the
symmetry groupp2gg. The energy-minimized molecular arrangement could be determined by force field
calculations. Adenine adsorbate layers were prepared by sublimation in [#8¥63-18207)02403-X]

I. INTRODUCTION STM and low-energy electron-diffractioh EED) data. The
geometric structure determination is a presumption of the

Organic monolayers deposited on metallic or semiconducadvance in understanding the molecular image contrast in
tor substrates have been the subject of a large number &TM. This is necessary especially in the case when the spa-
high-resolution scanning tunneling microscof®TM) stud-  tial distribution of electron density of states does not coin-
ies in the past yearsFor several classes of organic mol- cide in a simple way with the geometrical packing structure,
ecules such as, for example, liquid crystals, as found in many cases with a graphite substrate.
phthalocyaninesor alkane$ the adsorption structure could
be determined based on STM images. A necessary require- Il. EXPERIMENT
ment in these studies was the possibility of attributing spe- o .
cific parts of the molecules unambiguously to the observed Adenine films were prepared by molecular-beam deposi-
STM contrast. This is mainly feasible with molecules of ation- For sublimation the adenine powder was heated to
characteristic shape. For a great number of organic mol200 °C, and the substrate was kept at 60 °C. The vacuum
ecules, however, the connection between topography of theréssure during the sublimation process was belowW® -
STM image and the molecular orientation and arrangemerﬂ‘bar- Although a d|reqt deposition control was not_avallable,
is not obvious. Therefore STM on organic molecules should"® Optimum preparation parameters together with the ad-
be used in combination with other surface science technique¥rPtion energy have been determined by thermal-desorption
which are well established for the investigation of atomicSpeCtrOSCOpg’;3 Mass spectra showed that the adenine mol-
adsorbates or small inorganic molecules. Electron diffractiorfcules were intact after sublimation and adsorption.
seems to be particularly suited for this, because it provides Except for the STM measurements, all experiments were
adsorbate-specific geometrical parameters in the reciprocgfmied outin UHV. Natural graphite was used as substrate
space. Reports on the combination of these methods for ofo" LEED investigations. Prior to the UHV experiments the
ganic adsorbates are scarce. Examples include the strugyStallinity was checked by Laue x-ray scattering. Since
ture determination of perylene-3,4,9,10-tetra-carboxylic-9raphite is a very inert material, surface preparation of the
dianhydrid (PTCDA) on graphitd® and thiophenes on freshly cleaved graphite has been confined to tempering at
Ag(lll).7'8 500 °C for 48 h. -

Biological functions of molecules are strongly related to  1he LEED experiments were performed at room tempera-
their structural features. The complementary base pairin§!r€ With reverse view electron optics. Adsorbate-induced
through hydrogen bonds in DNA which assures the replicalEED patterns have been measured in an energy range be-

tion of the hereditary information is an important property ween 10 and 40 eV. No degradation of the pattern could be
which can be studied in two-dimensional crystals of ho-Observed at electron beam intensities of several 100 nA for

mopurines. STM in ambient air has previously been used tgPout 1 h. ,

study the self-assembly of some purine and pyrimidine bases "€ STM measurements were performed with a home

following thermal evaporation of their aqueous solutions onPUilt instrument. All images were obtained with electro-

graphite and on monbdeni?é.O The spontaneous condensa- chemically e_tcheql W tips. Image callbrat|o_n mcludmg the

tion and ordering of these molecules deposited under ele¢€moval of distortions was done by comparing STM images

trochemical control in solutidd onto graphite or crystalline ©f molecular adsorbates with the underlying substrate. The

gold surface® has been investigated biglectrochemical STM image shown below was acquired in the constant cur-

STM and atomic force microscopfAFM). For adenine on rent mode wlth the _typlcal tunneling current of about 90 pA

graphite different models have been proposed for the mo2nd 1.0 V(tip negative.

lecular packing structurg'*'?17 The differences might be

explained by either the formation of different crystal struc- lll. RESULTS AND DISCUSSION

tures according to the preparation conditions, or by simply

being due to the difficulties in STM image interpretation.
Therefore the aim of this work has been to derive a clear The LEED pattern of a monolayer adenine film on graph-

cut structural model for adenine on graphite by combiningite with an electron beam energy of 14.5 eV is shown in Fig.

A. LEED
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(a)

\‘ -y / FIG. 2. STM image of an epitaxially grown monolayer of ad-
. - enine on graphité0001) with molecule positions indicate@ize of
. ;. * ".‘ the imaged area: 4832 A% U=1.0 V, | =90 pA, constant current
SO e @ e e mods.
%y & . @l s tors g, andg, and|g,|=|g,|=2.46 A (see Fig. 4 From this
ro .‘0. '0., - expression we expect the exact dimensions tdabe22.14
.. " b* L A and |b|=8.52 A. The interpretation of a commensurate
T e % . a* [e%e T structure is strongly encouraged by the brightness of the
. . - co, 7 . LEED reflexes as well as by the STM measurements. Figure
.o ® .° . e. . - o 1(b) shows a calculation of the LEED pattern in a kinematic
R .« 0 J . approximatiofh* based on the structure model of the unit cell
.“‘\f\. o, @ e ‘e discussed below. For the calculation a unit cell of the adsor-
[ T e bate with four graphite layers underneath is used. All equiva-
‘e lent rotations of the molecular lattice are taken into account.
b) / . o \ The calculation yields the correct reflex positions as well as

the observed extinction of the (&2 1) and the (B+10)

FIG. 1. () LEED pattern of an adenine monolayer wigh=14.5  reflections. The relative intensities are qualitatively repro-
eV at nearly normal incidenceb) Kinematic calculation of the ~duced. From the extinctions two orthogonal glide symmetry
LEED pattern with the structure proposed in Fig. 4. The peak di-planes parallel to tha andb axes can be deriveg.
ameters are scaled logarithmically. The three symmetry-equivalent The symmetry elements severely reduce the possible rela-
domain orientations are taken into account. The directions of thdive orientations of the molecules in the unit cell. In fact it is
first-order graphite reflexes are marked by radial lines, and the rerot possible to construct a unit cell under these restrictions
ciprocal unit cell is indicated for one domain. The dashed ringwith single adenine molecules because of the asymmetry of
surrounds the visible area of the pattern(@n the molecule. Therefore as unit-cell elements we propose

H-bonded adenine dimers with a twofold symmetry each.

1(a). The absolute size and the shape of the unit cell ard NiS @ssumption is supported by the self-association of ad-
determined from this pattern. Together with the LEED re-€Niné molecules under typical experimental conditihs.
flexes from graphite, which can be observed at higher bearxhe detailed structure of the unit cell is discussed in Sec.
energies, the relative unit cell of the molecular lattice and it C-
mutual orientation can be expressed in unit vectors of the B. STM
underlying graphite. ) i

We first note that the LEED image shows singular spots . Figure 2 shows a constant current mode STM image of a
arranged in a hexagonal symmetry. Therefore it can be corpi"glé domain region of the molecular lattice on graphite.
cluded that the adsorbate grows in an epitaxial way with Bright regions correspond to elevated areas and dark regions

regisry of the overlayer struture to the graphite. From STV S ERERER, BE At L ot g e e of
results we find that the typical size of an adenine domain i

in the range of several hundred to few thousand A. Becaus he adsorbate_a_straightforward_assign_ment of th_e compact
L ' folecules to distinct sites of the image is not possible. How-
the electron.bearhvl mm in d|ameter.cover.s a great num- ever, a unit cell of the molecular lattice can be determined
ber of domains all possible growth orientations of the adsorimmediately from the contrast pattern: Wigh=21.5-1 A
bate are contained in the LEED pattern. _ and b=8.5+0.5 A and the angle betweemand b, y=90
For the unit cell a rectangular sha(@0+1°) with vectors  +1¢ the unit cell agrees within the experimental accuracy
a=22+1Aandb=8.5£0.5 A is obtained. Vectoa points in  yjth the LEED measurement. The same holds for the orien-
the direction of the graphite lattice vectgf. Assuming a tation of the molecular lattice to the underlying graphite. A
commensurate adsorbate superstructure the relative unit cebmparison of the orientations was possible by imaging the
can be derived as,@ 2) (g;), with the graphite lattice vec- bare graphite at a reduced tunneling resistance which, how-
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FIG. 3. Three different possibilities of hydrogen-bonded ad-
enine dimers with a twofold symmetry center.

ever, destroyed the adsorbate film. Contrast modulations

with periodicities longer than the unit cell which are typical  FIG. 4. Model of the unit cell(a) View perpendicular to the

of coincident adsorbate growth could not be detected in thgraphite layers. The rectangular cell has its veetqarallel tog,

STM images. with a=22.1 A andb=8.5 A. It contains two adenine dimers which
It is remarkable that the same unit-cell vectors were foundcomply with the orthogonal set of glide symmetry planes parallel to

for different experiments under various conditions. Besides andb. (b) View parallel to the surface. The first graphite layer is

the vacuum sublimated films, we found identical results withindicated by the bottom line.

adsorbates that were dried from solution on a hot plate in

ambient air. Also congruent herewith are the earlier resultgectors were kept fixed at the experimentally determined val-
by Heckl'” after a recently performed recalibration of the yes. The graphite substrate was represented by a four-layer
STM data. The same cell vectors were also reported by Taglah. Each adenine molecule was allowed to move indepen-
and Shi,*imaged in NaCl solution by electrochemical AFM. dently in all six degrees of freedom. The termination crite-
However, a different molecular arrangement was proposefion for the iterative process was a derivative of the energy
because glide symmetries could not be determined. The STMyrface smaller than I8 kcal(mol A). A detailed descrip-
data shown by Alleret al® can also be interpreted in agree- tion of the calculations will be published elsewhere.
ment with the above lattice if a different unit cell is chosen.  The structure model shown in Fig. 4 and the molecules
These results with adsorbate films grown under differenbasted into the STM |mag§|g 2) show the final arrange-
preparation conditions strongly indicate that adenine ornent after the minimization with type-C associated dimers.
graphite forms one stable phase by the specific lateral hydrgxpart from some directional and bond length fine tuning the
gen bonding and by a defined registry with the graphite submain difference from the “coarse” starting geometry is that
strate. the molecules are tiltefsee Fig. 4b)] similarly to the pro-
peller twist observed in cocrystals of nucleosides. This oc-
C. Model building and verification curs for all molecules in the same way, and retains the glide
symmetries. As indicated in Fig. 5, the center of mass of

mination of its packing structure. Force-field calculations to_eachh.moleicule has a vclartical ddistan(ije (.)f ?a‘rl’)? A fromhthe
gether with symmetry arguments and chemical informatiorBr@Phite plane. Two anglesand are defined between the
were applied to exclude competing structure models. graphite normal, the center of mass, and the atopar@

A structure model was built starting with two symmetri- ,C8' respectively. For the inclination=102.6° and3=83.6°
cally bonded adenine dimers. The number of four adenin

More complex than the shape of the unit cell is the deter

& obtained.

molecules has been chosen because of the area of about 5oBase_d on the following reasons we propose the model
A2 per molecule in the molecular plane. Only one dimer carHoWn in Fig. 4 for the adsorbate structuf®) Although no

be chosen arbitrarily; the second dimer in the unit cell is then
determined by the glide symmetries. There are three possible
ways of self-associating adenine with two hydrogen bonds
and a twofold symmetry centdsee Fig. 3. For each con-
figuration a model was constructed with the first dimer lying
flat on the origin of the unit cell. Thus the second dimer is
centered ora/2+b/2. The remaining Euler angle in the ad-
sorption plane was chosen in a way that the overlap with
other dimers was minimized. These “coarse” models were
used as starting configurations for force-field calculations. In _
the calculations the energy of the adsorbate structure was graphite
minimized by variation of the exact molecular positidfs.
Periodic boundary conditions were applied. For the minimi- FIG. 5. Schematic presentation of the tilted molecule seen par-
zation the unit-cell dimensions in terms of the graphite latticeallel to the graphite layer. For the angle definition, see text.
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symmetry restrictions are made in the calculation, the finalThese different methods yielded congruent results regarding
arrangement obeys the two orthogonal glide symmetrthe form and orientation of the molecular superlattice. A de-
planes observed in the LEED measurement. The final cortailed crystallographic structure is proposed based on mo-
figurations of both other models strongly break this symmeiecular resolution STM images and LEED measurements
try. (2) A pronounced network of hydrogen bonds is reachedwhich convey information about orthogonal glide symme-
Each adenine molecule is fixed in a network of four hydro-tries, Symmetrical constraints can be satisfied by hydrogen-
gen bonds which all have the length 2:98.02 A. This is  ponded adenine dimers as basic elements. Out of three com-
well within the range of M . .. '\l‘ bond lengths which can  peting structure models the correct arrangement of the
be found between 2.75 and 3.15 Aadditionally the infinite 1 gjecular crystal could be determined by a force-field calcu-
chain of hydrogen bonds M . .. Ny enhances the stability |5i5n The calculation yields a small tilt of the molecules,
because ofr cooperativity.” (3) For this configuration the nd preserves the symmetry constraints. The molecular
force-field calculation reaches the lowest total energy, and i tructure is commensurate with the graphite substrate, and

is the only model which satisfies the termination Criterion'forms a hydrogen-bonded network with four bonds per mol
4) The kinematic simulation of the LEED rm yiel o . ) X
(4) The kinematic simulation of the pattern yields a cule. The contrast in the STM image can be interpreted as

gualitative correspondence with the observed intensities witffCU'e . . o :
this model only, and it diverges significantly for the other dominated by geometrical height variations of the tilted mol-
proposed structure¢5) The observed STM contrast can be CUles.

explained in terms of geometrical effects. The maximum

height difference between atoms in the molecule is 1.3 A, a

variation which would change the tunneling current by about ACKNOWLEDGMENTS

one order in magnitude. The eight bright spots in the STM
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sites of the tilted molecules.
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